Representative volume elements of random equilateral Kelvin open-cell microstructures were modeled for the open-cell foam. We adopted the periodic boundary conditions developed in our previous research. The quasistatic compression properties of the representative volume elements in random Kelvin open-cell aluminum foam samples, both with different relative densities and different cross-sections of the beams in the structures were investigated. The results show that the features of the stress-strain curves in the representative volume elements with different relative densities and different cross-sections were similar, and the relationships between the yield strengths and relative densities of representative volume elements with four different cross-sections all agreed well with the quadratic power function. Among the representative volume elements with four different cross-sections, the yield strengths of the representative volume elements with a Plateau border cross-section were significantly larger than in representative volume elements with other cross-sections, while the yield strengths of representative volume elements with circular cross-sections were smaller than in representative volume elements with other cross-sections. This indicates that the simulation results of the compression strengths for open-cell foam in 
Introduction
Cellular solids are materials possessing cellular microstructures, which are seen in natural materials such as wood, cork, sponge, cancellous bone, and coral. The manufacture and use of synthetic cellular materials that mimic nature have seen an enormous increase over the last 40 years; today they may be one of the most widely used manmade classes of materials. 1, 2 Foams and honeycombs are representatives of such synthetic solids and are expected to have various engineering applications because of their low relative densities, high specific strengths, and excellent energy absorption characteristics under compression. [3] [4] [5] In particular, engineered metallic and polymeric foams have seen increasing use in applications ranging from ultralight structural components in air and sea vehicles to energy absorbers in the automobile, packaging industries, and building construction. [6] [7] [8] [9] [10] [11] In these materials, performance is optimized primarily by the geometric arrangement of the solid in space to form an interconnected network of cells with nearly straight edges. The cell faces are often open (open cells) and at other times are covered by plates or membranes (closed cells). 12 Open-cell metal foams belong to a relatively new class of cellular solids that differ from other similar materials given their inclusion of a sponge-like microstructure. Due to this specific morphology of the cells, this type of metal foam has not only excellent lightweight properties, such as high specific stiffness and strength at low densities, but it can also be used for multifunctional applications. 13, 14 Because they exhibit excellent energy absorption characteristics under compression, open-cell foams are widely used for shock mitigation in vehicles, packaging, and cushioning; it is therefore important to study the deformation behavior of cellular solids under compression. 2, 7 However, their macroscopic properties are dictated by the solid materials used to produce the foams, and more importantly by the geometrical aspects of the foam's microstructures, such as the microscopic topology. 6 Open-cell foams have a complex microstructure consisting of an interconnected network of ligaments that form along the edges of randomly packed cells that evolve during the foaming process. The cells are irregular polyhedral with anywhere from 11 to 17 faces when the foam is nearly monodispersed, [15] [16] [17] as shown in Figure 1 . A significant degree of success was reported in reproducing all mechanical properties for both foam families when using models that idealized the microstructure as consisting of 14-sided regular cells of Kelvin. 16, 18, 19 In the current study, the ligaments were considered as Bernoulli-Euler beams of four different cross-sections (circles, squares, equilateral triangles, and Plateau borders). Due to the ease of modeling of the circular and square cross-sections, the beams with these cross-sections were taken into account in a number of numerical studies on the mechanical properties of the Kelvin open-cell foam. The microcomputed X-ray tomography of the representative microstructure for a single cell in the open-cell foam observed using micro-CT in Figure 2 , however, indicates that the Kelvin cell model with Plateau border cross-section beams is more practical. The previous research results showed no obvious size effect for the quasistatic compression properties. For the equivalent random Kelvin open-cell foam structures, the main influence factors on their quasistatic compression properties consist of the relative density, the parameters of the matrix material, and the cross-sectional shapes of the slender beams in the structure. The relative density of the RVE shown in Figure 3 (a) (the intersection angle between the compressive loading direction and the axis of the regular Kelvin cell is 0 ) can be given using
where n ¼ 5 indicates that the RVE includes 5 Â 5 Â 5 Kelvin cells, k ¼ 3300 is the number of the beams in the structures shown in Figure 3 (a) (n ¼ 5), and l was set to 10 mm.
Loading conditions and boundary conditions
In this work, the beam elements were adopted for the edges. The cross-sections of the beam include circle, square, equivalent triangle, and Plateau borders with different sizes. During the process of compression loading, the engineering strain rate of the specimens applied to the structure is 0.01/s. In this simulation, the periodic boundary conditions were developed in our previous study for the RVE. The periodic boundary conditions are shown in Figure 4 and equation (2)
Johnson-Cook constitutive model and parameters for aluminum
In this numerical simulation, the aluminum 6061 was taken as the matrix material of the open-cell foam structure; the Johnson-Cook constitutive model 20 was used for this simulation. As shown in equation (3), the strain hardening effect, strain rate hardening effect, and temperature softening effect were all considered
In this work, we disregarded the strain rate effect and temperature effect. The same strain rate (a value of 0.01/s) was applied for all simulations. Thus, the Johnson-Cook constitutive model can be simplified as shown in equation (4)
The material properties of the aluminum 6061 matrix material were extracted from the literature 20, 21 as shown in Table 1 .
Geometric and physical characteristics of the different cross-sections

Circular cross-sections
The RVE with circular cross-sectional beams is one of the simplest models for the Kelvin open-cell foam. The uniform cross-sectional area A and moments of inertia (I xx , I yy , and I xy ) of this cross-section shown in Figure 5 (a) are given by
The torsional stiffness for the circular cross-section is calculated using 
Square cross-sections
The uniform cross-sectional area A and moments of inertia (I xx , I yy , and I xy ) of the square cross-section shown in Figure 5 (b) are given by
where l is the side length of the square cross-section. The torsional stiffness for the square cross-section is calculated using
Triangular cross-sections
The uniform cross-sectional area A and moments of inertia (I xx , I yy , and I xy ) of the triangular cross-section shown in Figure 5 (c) are given by
The torsional stiffness for the triangular cross-section is calculated by
Plateau border cross-sections
The uniform cross-sectional area A and moments of inertia (I xx , I yy , and I xy ) of the Plateau border cross-sections shown in Figure 5 (c) are given by where r is the radius of the sides of the Plateau border cross-sections. The torsional stiffness for the Plateau border cross-sections is calculated by
This work compared the compression behaviors of the RVEs with the beams of the four different cross-sections, all of which have the same area. Additionally, the compression behaviors of the RVEs with different relative densities were also investigated. The geometric parameters are shown in Table 2 . the yield thresholds. Then over a wide range of strains, the stresses fluctuate around the Plateau stresses until the RVEs have been compacted. For the purpose of comparing the compression properties of the RVEs with different cross-sections, the equivalent radius for the noncircular cross-sections was defined as
The intercepts of the steady-state stress (red dash line shown in Figure 6 (a)) with the stress axis are defined as the yield strengths of the RVEs. The yield strengths of the RVEs with different cross-sections and different relative densities are shown in Table 3 .
As seen in Table 3 , the yield strengths of the RVEs with the four different crosssections all increase as the relative densities increase. At the same relative densities, the yield strengths of the RVEs with circular cross-sections are the smallest, while those with Plateau border cross-sections are the largest among the RVEs with these four different cross-sections; those with triangular cross-sections are larger than those with square cross-sections. 
Relationships between normalized yield strengths and normalized relative densities
As can be seen in Figure 7 , the relationship between the yield strengths and the corresponding relative densities for RVEs with four cross-sections all agree well with the following power function 
where Y 0:1 is the yield strength of the RVE with a radius or equivalent beam radius of 0.1 mm, which is taken as the reference stress; " 0:1 is the relative density of the RVE with radius or equivalent beam radius of 0.1 mm, which is taken as the reference relative density; " = " 0:1 is the normalized relative density. As can be seen from Figure 7 , the yield strengths of RVEs with square crosssections are similar to the corresponding values of RVEs with circular crosssections, and those with triangular cross-sections are significantly larger than 
As shown in Figure 8 , the relationships between the normalized yield strengths and the normalized relative densities for the RVEs with different cross-sections all agree with equation (16) .
Influence of the cross-section of the beam on quasistatic compression property of the RVEs
Although their relative densities are same, the quasistatic compression responses of the RVEs with different cross-sections behave significantly differently. Figure 9 shows the compression responses of the RVEs with different cross-sections that have an equivalent radius of 0.4 mm.
In Figure 9 , the yield strength and Plateau stress of the RVE with Plateau border cross-sections are significantly larger than those with the other three cross-sections. As shown in Figure 10 , in the case that the equivalent radius is 0.4 mm, the yield strength of the RVE with circular cross-sections is 206.14 kPa. The yield strengths of the RVEs with square and triangular cross-sections are about 8 and 18% larger than those with the circular cross-sections, while the yield strengths of the RVEs with the Plateau border cross-sections are about 55% larger than those with circular cross-sections.
In fact, during the process of compression, especially in the crushing regime, the cell beams are progressively bent or folded. The bending process is mirrored in the macroscopic stress-strain curve by small fluctuations around an almost constant stress Plateau over a wide range of strains until the microstructure is densified. As shown in Figure 11 , the bending of the cell beams is the dominant feature in the crushing regime. The moments of inertia, thus, play a key role in the process of compression. Table 4 shows the moments of inertia and torsional constants of different crosssections with different areas. For the same cross-section, the moments of inertia I xx and I yy and the torsional constants of the four different cross-sections are linearly proportional to their area squared A 2 . For the same cross-sectional areas, the moments of inertia of the Plateau border cross-sections and circular cross-sections are, respectively, the largest and the smallest. When their cross-sectional areas are larger than 0.283 mm 2 , the moments of inertia in triangular cross-sections are greater than those of the square cross-sections, but the torsional constants of the four cross-sections at the same area are exactly the opposite.
From the above analysis, we can see that the yield strengths of the RVEs closely relate to their moments of inertia in the cross-section of the beams. The relationships between the yield strengths of the RVEs with different cross-sections and their moments of inertia in the cross-sections were proposed as shown in Figure 12 . Figure 12 indicates that there is almost an identical linear relationship between them, though the beams in REVs have different cross-sections.
In the simulations, if we changed only the moments of inertia for all cross-sections to an identical value for the moments of inertia of the circular cross-sections, the stress-strain curves of the RVEs can be given as shown in Figure 13 . Figure 13 shows that the stress-strain curves almost overlap, indicating that the main reason for the difference in compression properties of the RVEs with different cross-sectional beams is the difference in their moments of inertia. From a different perspective, the torsional constants have little influence upon the cross-sections of the beams in the RVEs that have different cross-sections on their compression properties.
Transversely isotropic characteristics of the random equilateral Kelvin open-cell microstructure
For the equilateral random Kelvin open-cell microstructure, shown in Figure 14 , the geometric characteristics of the cross-sections parallel to the xoy plane, xoz plane, and yoz plane are similar. As such, we can consider the compression behavior of the RVEs shown in Figure 14 under the compression loading in all directions parallel to xoy plane to be similar to those parallel to xoz plane and yoz plane. In this work, the quasistatic compression properties of the RVEs under compression loading along directions parallel to xoy plane have been used as an example. The compression responses of the RVEs under different loading angles (0-45 ) were also investigated. The loading angles were defined as the intersection angles between the loading directions and the y-axis. The stress-strain curves of the RVEs under different loading angles are shown in Figure 15 . In Figure 15 , the cross-section of the beams in the RVEs is the Plateau border cross-sections, and its equivalent radius is 0.5 mm.
As shown in Figure 15 , the stress-strain curves of the RVEs under different loading angles nearly overlap except for instances with a loading angle of 0 . The strength of the RVE under a loading angle of 0 is somewhat greater than those under other angles. In fact, as shown in Figure 3(a) , during the process of modeling, the RVE with a loading angle of 0 has 3300 (24Â5Â5Â5þ6Â4Â5Â5/2) edges, while the RVEs with other angles have 3100 (24Â5Â5Â5þ2Â4Â5Â5/2) edges (shown in Figure 3(b) ). When comparing the compression response of RVEs under different loading angles, according to equation (16) , the stress-strain curve of RVE under loading angle of 0 can be calibrated by 0 ¼ 3100 3300 2 ð17Þ Figure 16 gives the calibrated stress-strain curves. As shown in Figure 16 , the quasistatic compression responses of the RVEs under all loading angles behave similarly.
According to the above analysis, it can be concluded that the compression responses of the random equilateral Kelvin open-cell microstructure demonstrate isotropic behavior on the xoy plane, the yoz plane, and the xoz plane.
Conclusions
RVEs of random equilateral Kelvin open-cell microstructures were modeled for open-cell foam. The periodic boundary conditions developed in our previous research were consequently adopted. This work investigated the quasistatic compression properties of the RVEs in random Kelvin open-cell aluminum foams with different relative densities and different cross-sections of the beams in structure. On the basis of our investigation, the following conclusions can be drawn:
1. The features of the stress-strain curves in RVEs with different relative densities and different cross-sections are similar. For all RVEs with four different cross-sections, the relationship between the yield strengths and the relative densities agrees with the quadratic power function. 2. Among RVEs with four different cross-sections, the yield strengths of the RVEs with Plateau border cross-sections were significantly larger than in RVEs with other cross-sections, while the yield strengths of RVEs with circular crosssections were smaller than in RVEs with other cross-sections. Additionally, the yield strengths of RVEs with triangular cross-sections were larger than in RVEs with square cross-sections. 3. The compressive strength of open-cell foams with Plateau border cross-section is significantly higher than the other cross-sections of the same area due to its significantly greater moment of inertia. But the torsional stiffness of the crosssection has very little impact on the compressive strength. 4. The compression responses of RVEs in random equilateral Kelvin open-cell microstructures demonstrate isotropic behavior on the xoy plane, the yoz plane, and the xoz plane.
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